The promotion of energy efficiency is seen as one of the top priorities of EU energy policy (EC, 2010) . In order to design and implement effective energy policy instruments, it is necessary to have information on energy demand price and income elasticities in addition to sound indicators of energy efficiency. This research 17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 2 combines the approaches taken in energy demand modelling and frontier analysis in order to econometrically estimate the level of energy efficiency for the residential sector in the EU-27 member states for the period 1996 to 2009. The estimates for the energy efficiency confirm that the EU residential sector indeed holds a relatively high potential for energy savings from reduced inefficiency. Therefore, despite the common objective to decrease "wasteful" energy consumption, considerable variation in energy efficiency between the EU member states is established.
Introduction
In 2010, the EU adopted a new energy strategy Energy 2020 -a strategy for competitive, sustainable and secure energy, where the increase in the level of energy efficiency is listed among five priorities (EC, 2010) . Improving energy efficiency is viewed to be one of the most cost-effective ways of reducing greenhouse gas emissions, increasing security of energy supply, leading to more sustainable energy policy and enhancing industry competitiveness. Member states are, in comparison with projected trends, expected to achieve 20% savings of its primary energy 3 consumption by 2020. However, the latest report by the European Commission (EC, 2011a) suggests that with the present policies the EU will achieve only half of the 20 % target in 2020. This is claimed not to be because of the lack of economic potential but because of market failures, regulatory failures and also the rebound effect. In order to close this gap, a new directive on energy efficiency was adopted in 2012 (Directive 2012/27/EU).
Defining and measuring energy efficiency is yet another challenge. Energy efficiency is typically approximated by energy intensity, despite several shortcomings related to this measure. For example, EC (2000, p. 3) recognises that "Changes in energy intensity for final energy consumption are a first and rough estimate indicator for changes in energy efficiency. This is due to the fact that energy intensity can also include temperature effects and the weighting effects of economic restructuring." In the same manner IEA (2009, p. 19) notes that "Energy intensity is the amount of energy used per unit of activity. It is commonly calculated as the ratio of energy use to GDP. Energy intensity is often taken as a proxy for energy efficiency, although this is not entirely accurate since changes in energy intensity are a function of several factors including the structure of the economy and energy efficiency." Therefore, following an approach based on microeconomic production theory proposed by Hunt (2011, 2012) and Evans et al. (2013) , this paper uses an econometric approach to estimate the level of energy efficiency for each member state. Based on this measure it is then possible to identify the saving potential that can be reached with improvement in the level of energy efficiency. In this context, 4 the EU member states may decide to improve or introduce new energy policy instruments. From the policy makers" point of view it is important to have information on the effectiveness of energy policy instruments designed to increase the level of energy efficiency. For instance, one of the interesting questions is to know if performance standards are more effective than monetary incentives. In fact, during the last two decades most of the EU member states have introduced performance standards in buildings, heating systems and electrical appliances in an attempt to improve the level of energy efficiency in the residential sector, whereas others have also introduced monetary incentives such as subsidies and tax credits.
From the research point of view it is therefore interesting to analyse the impact of different policy instruments on the level of energy efficiency. In order to do so, two issues should be addressed. First, how to define and measure the level of energy efficiency and, second, how to empirically identify the impact of introduced policy measures.
As stated above, this paper uses the approach introduced by Hunt (2011, 2012) to define and measure energy efficiency based on the theory of productive efficiency.
1 Therefore, a stochastic frontier framework for the empirical analysis of energy efficiency is used, as opposed to the more conventional indicator of energy intensity. This econometric measure of energy efficiency controls for a range of economic and other factors and is therefore viewed as a more suitable approach to measure energy efficiency. 2 Therefore, a stochastic frontier analysis (SFA) is employed to estimate a "frontier" residential energy demand function using unbalanced panel data for EU member states over the period 1996 to 2009.
Additionally, a set of policy variables is considered in the model to evaluate the 5 impact of energy efficient measures on promoting energy efficiency in the EU member states.
Literature that attempts to analyse the impact of energy efficiency measures on the level of energy efficiency is relatively scarce. Bigano et al. (2011) investigate the influence of adopted energy efficiency policies and measures on energy intensity, energy security and carbon intensity index using an econometric approach; but not based on the estimation of a frontier function. Instead, Bigano et al. (2011) use energy intensity as a proxy for energy efficiency and regress it on several factors such as price, income and dummy variables representing the presence of energy policy measures promoting the level of energy efficiency. Further, following Hunt (2011, 2012) , Saussay et al. (2012) make use of the SFA approach to analyse the impact of introduced building codes on the energy efficiency of residential space heating in selected European countries. However, the correction for unobserved heterogeneity in estimating energy efficiency is not considered in their model. Hence, the analysis undertaken here builds on previous works and explicitly takes into account unobserved heterogeneity and furthermore considers a broad set of energy efficiency measures to estimate the effect of implemented energy efficiency measures on energy efficiency of the EU residential energy demand.
The rest of the paper is organised as follows. Section 2 provides an overview of the EU energy policy objectives and measures implemented in the area of energy efficiency. Section 3 elaborates on the methodology and specification of the energy demand frontier function, which is followed by Section 4 where the data employed 6 to estimate the model are presented. Section 5 provides the estimation results and discusses the main findings, while Section 6 sets out relevant policy implications and concludes the paper.
Energy-efficiency policy measures in the EU
Promotion of the efficient use of energy 3 has received a lot of attention and has been an important policy objective of the EU member states ever since the oil shocks in the 1970s, where in the context of high oil prices energy savings became important for reducing energy import dependence. As a result of implemented policy measures and structural changes of the economies, member states have been able to decouple economic growth from energy consumption (IEA, 2009) . Nevertheless, as reported in EC (1998) and IEA (2007) , the rate of decline in energy intensity in the EU-15
and G8 countries was found to be higher before the 1990s than afterwards. Hence, despite the EU commitment to promote energy savings and various initiatives, programmes and instruments introduced at the Community level, the results turned out to be dissatisfactory. According to EC (2000) this could be attributed to decreasing energy prices and relatively low priorities given to energy saving measures and demand-side management by member states. Also, several market failures and barriers to investments in energy-efficiency have been identified by EC (2000) such as the lack of information, technical, institutional, legal, and financial barriers.
The action in the field of energy efficiency policy was revived as a response to rising energy security issues and commitment to achieve environmental targets set up by 
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As discussed later in the paper, the information included in Table 1 will be used to construct the variables considered in the econometric analysis that should reflect the choice and intensity of the energy policy instruments adopted in each EU member state.
Methodology
As previously mentioned, in this paper a stochastic frontier approach is used to estimate a residential frontier energy demand function. This allows for estimation of state specific levels of energy efficiency for the residential sector. Moreover, econometric specifications that give the possibility to analyse the impact of the energy policy instruments on the level of energy efficiency are utilised.
Within the framework of household production theory detailed in Deaton and Muellbauer (1980) , residential demand for energy is a derived demand (i.e. derived from the demand for energy services such as a warm home, cooked food, hot water etc.).
4 Households purchase energy together with other inputs such as labour and capital (in form of electrical appliances, heating system and insulation materials) to produce a composite energy service entering their utility function. Therefore, the production of energy services can be represented with a production function and a set of input demand functions. Nevertheless, because data on all inputs and input prices are generally not available, it is common in the energy economics literature to estimate only one input demand function, i.e. energy demand. Accordingly, in this paper the focus is on estimating an input demand function frontier which gives the 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 minimum level of energy input used by a household for any given level of output.
Also, it is worth noting that, as discussed in Schmidt and Lovell (1979) and in Kumbhakar and Lovell (2000) , the difference between the observed input and the cost-minimizing input demand derived from a Cobb-Douglas production function, represents both technical as well as allocative inefficiency. Furthermore, the CobbDouglas production function implies that the level of technical and allocative efficiency is the same for all inputs. Moreover, in the context of production theory the term energy efficiency is imprecise. In fact, the level of productive efficiency is measured, i.e. an improvement of the productive efficiency determines a reduction of all inputs, not only a reduction of energy. 5 However, in what follows the term energy efficiency will continue to be used in order to be in line with the energy economics literature.
Following the approach introduced by Hunt (2011 and and based on the availability of the data, the following aggregate residential input energy demand function for EU-27 member states is specified:
where ED it represents final residential energy consumption, PE it the real energy price, Y it real income, POP it population, DSIZE it the average size of a dwelling,
HDD it the number of heating degree days, HOT i a hot climate dummy variable, and UEDT t the underlying energy demand trend to capture the effect of technical progress (and other exogenous factors); all for a member state i in year t.
Furthermore, EF it is introduced to capture the level of "underlying energy efficiency " 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 of the EU residential sector. A low level of "underlying energy efficiency" implies an inefficient use of energy (i.e. "waste energy"). This underlying energy efficiency indicator is not observed directly, but has to be estimated.
It is worth noting that, as discussed in Filippini and Hunt (2012) , from the empirical point of view the impact of technological innovation and behavioural change on the energy consumption could be captured in different ways, which is either through the price effect, the income effect, the UEDT t or EF it terms. Therefore, the measure of "underlying energy efficiency" could also capture the waste of energy determined by the fact that a household is not using the most modern technology. In this context, we can identify two cases where households are producing an energy service without minimizing the use of inputs. In the first case, a household employing a modern technology is utilizing the inputs in an inefficient way, i.e. households are not minimizing the use of energy, labor and capital in the production of an energy service. In the second case, households are using a relatively old technology that does not allow the household to minimize the use of energy, labor and capital. In both cases, the level of energy used to produce a predefined level of energy services could be reduced, i.e. we have a situation characterized by "waste" energy. In general, this discussion suggests that a reduction of the energy consumption for the production of energy services could be determined by an improvement of the level of the productive efficiency and/or by the adoption of a modern energy-saving technology due to technical change.
One of the important issues in applying this approach is to measure the level of energy services produced within the residential sector. In fact, it is difficult to find 14 indicators on these services such as the size of the heated rooms, lighting hours, number of cooked meals, hours of watching television etc. In order to solve this problem, at least partially, some variables are introduced in the model that indirectly reflect the level of energy services produced by the households such as dwelling size and the climate.
Following Hunt (2011 and ) the stochastic frontier approach (SFA) is employed to estimate the "frontier" energy demand function and "underlying energy efficiency".
6 The frontier gives the minimum level of energy consumption necessary for households to produce any given level of energy services.
If the residential sector of a member state is found to be on the frontier, it is considered to be energy efficient, while the deviation from the frontier is assumed to represent the inefficient use of energy. The level of energy inefficiency may differ over member states. These differences may occur as a result of various factors such as differences in capital equipment and technical appliances in use, differences in energy policy instruments and differences in behaviour as a reflection of different lifestyle, social norms and values.
The approach used in this study is based on the assumption usually considered in the stochastic frontier literature that the level of the energy inefficiency of the residential sector can be approximated by a one-sided non-negative term. Therefore, using a log-log functional form and adopting the SFA approach, it is possible to specify the "frontier" residential energy demand in Equation (1) 
where the UEDT t is proxied by t. 7 The error term in (2) is assumed to be composed of two independent parts: a stochastic error (v it ), capturing the effect of noise, and a one-sided non-negative disturbance capturing the effect of inefficiency (u it  0). In line with Hunt (2011, 2012 ) the second part, u it , is interpreted as an indicator of the inefficient use of energy.
In the literature on the estimation of a Stochastic Frontier Model (SFM) using panel data, it is possible to identify several models that could be used for the estimation of Equation (2). In this study, the focus is on the effects of energy policy measures on the level of energy efficiency. Therefore, the stochastic frontier models for panel data that allow the level of energy efficiency to vary over time and to depend on a set of covariates such as the presence of subsidies for energy efficient appliances or the presence of energy efficiency standards are selected. For this purpose, three suitable panel data models are identified: i) panel data model proposed by Battese and Coelli (1995) Greene (2005a and 2005b) . All these approaches allow for the estimation of a stochastic frontier model in which the level of efficiency can be expressed as a specific function of explanatory variables. 
Furthermore, the characteristic of the TRE and the TFE models is the inclusion of an individual random or fixed effect in the equation to be estimated. In these models individual effects should take into account all unobserved socioeconomic and environmental characteristics that are time-invariant. The TRE and the TFE models are therefore able to distinguish time invariant unobserved heterogeneity from the time varying level of efficiency component. The problem of these two models is that the level of inefficiency does not include the persistent inefficiencies that might remain more or less constant over time. To the extent that in the residential sector there are certain sources of energy efficiency that result in time-invariant excess energy consumption, the estimates of these models provide relatively high levels of energy efficiency . 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 Further, the TRE and the BC95 models can suffer from the "unobserved variables bias", because the unobserved characteristics may not be distributed independently of the explanatory variables. In order to address the unobserved heterogeneity bias, a Mundlak version of the BC95 model originally proposed by Battese and Coelli (1995) is estimated.
10 The Mundlak version of the BC95 (BC95M hereafter) is based upon Mundlak"s (1978) modification of the BC95 for the general specification;
whereby the correlation of the individual specific effects (a i ) and the explanatory variables are considered in an auxiliary equation given by:
where X it is the vector of all explanatory variables, AX i is the vector of the averages of all the explanatory variables, and π is the corresponding vector of coefficients.
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By replacing constant with a i , Equation (4) is readily incorporated in the main frontier Equation (2) and estimated using the BC95 model. Nevertheless, in a frontier model the error term is a composite asymmetric term and consequently the estimated coefficients are not the within estimators as in Mundlak"s classical formulation.
However, since the correlation between the individual effects and the explanatory variables is at least partially captured in the model, the heterogeneity bias is expected to be relatively low. Moreover, the application of Mundlak"s adjustment to the BC95 frontier framework should decrease the bias in inefficiency estimates by separating inefficiency from unobserved heterogeneity. 12 In fact, the term  i of the Mundlak adjustment in Equation (4) should represent the time persistent inefficiency and should be absorbed in the inefficiency term. Of course, the possibility that this term 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18 is absorbed by the error term cannot be excluded. In this case, the inefficiency term would include only partially the time persistent inefficiency. Given the discussion above, the BC95M is the preferred model, but for comparison purposes the BC95 and the TFE models are also estimated. 13 The TFE model is estimated by ML method by simply creating dummy variables (a i ) for each member state. Here a i is a country-specific time-invariant fixed effect meant to capture crosscountry unobserved heterogeneity. The estimated energy-efficiency level is usually expressed in terms of efficiency score:
where ED it is the observed final energy demand and F it ED is the respective frontier demand of the i-th member state in time t. An efficiency score of one indicates an energy efficient member state in year t. Alternatively, an energy inefficiency score can be calculated as the reciprocal of efficiency score (EF it ) in Equation (5).
Data
The study is based on an unbalanced panel data set for a sample of 27 EU member states (i = 1, …, 27) over the period 1996 to 2009 (t =1, …, 14) . Due to the missing data on average dwelling size one member state, namely Malta, had to be excluded 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19 from the analysis. ED it for a given member state i in year t is the final residential energy consumption measured in tonnes of oil equivalent (toe). PE it represents the real energy price, calculated based on the harmonised index of consumer energy prices where 2005=100. Real income, Y it , is approximated by GDP in purchasing power parity and constant US$ prices. DSIZE it denotes average dwelling size of a household, measured in square meters. To control for differences in climate conditions, the data on heating degree days (HDD it ) is utilised. As the data on cooling degree days is not available, a dummy variable corresponding to the hot climate HOT i is considered in the model. Descriptive statistics of the variables included in the model are presented in Table 2 . It can be seen that the variables show considerable variation between member states in the observed period. The data is obtained from various sources which include Eurostat, IEA and Odyssee databases.
Further, the construction of the variables on energy policy instruments is based on information taken from MURE II database and presented in Table 1. 14 This database includes applied national measures defined in National Energy Efficiency Action
Plans and EU-related measures implemented in line with the EU directives. These measures were furthermore classified in three different groups which correspond to the most frequently used measure types, namely (i) energy performance standards,
(ii) financial and fiscal incentives, and (iii) informative measures. Energy performance standards were furthermore broken into categories corresponding to standards related to buildings and heating systems, standards related to electrical appliances and other measures. Since different measures are often not comparable in terms of scope, impact and required funding, several dummy variables were created, which should reflect both the presence of some measures as well as the number of measures. This is arguably a relatively simplistic approach because, as already mentioned, the measures are heterogeneous; hence, counting the number of measures introduced in each group could be imprecise. However, it is believed that this approximation should capture the most important developments in the introduction of energy policy measures in each country. Moreover, given the analysis is for EU member countries, for consistency, the general structure in the definition of the energy policy measures are followed, which also supports this decision. A similar approach is adopted in Bigano et al. (2011) , where the data on energy efficiency policies and measures used in this study is also obtained from MURE database. showed that these two dummies did not prove to be significant or have the expected signs. 
Results

Estimated energy demand model
The estimation results of the residential energy demand model using different SFA approaches are given in Table 3 However, by using Mundlak"s correction in estimation of the BC95M model, the negative and highly significant price effect can be established. Significant coefficients related to the Mundlak"s correction indicate the need to control for heterogeneity that is correlated with explanatory variables in order to avoid biased estimates. The TFE model which controls for time-invariant country-specific unobserved heterogeneity also results in negative and significant price effect on residential energy demand. The estimated own price elasticity of the BC95M and TFE models is estimated to be -0.26 and -0.19, respectively.
The estimated income elasticity is positive and significant in all three models. The results suggest that the EU residential energy demand is price and income inelastic, which is similar to the obtained results for the US residential consumption in 23 Filippini and Hunt (2012) . As expected, population size also has a positive and highly significant influence on residential energy demand in all models. Moreover, the coefficient for dwelling size is found to be negative and significant in the BC95
and TFE model, while BC95M model does not result in significant coefficient estimate. Negative dwelling size effect on residential energy demand may be explained by the fact that dwelling size is positively correlated with household size.
The two climate variables appear to have a consistent and significant influence on residential energy demand. Higher heating degree days are positively and significantly associated with higher residential energy demand, while in the case of the hot climate negative relationship is established. The hot climate dummy is not included in the TFE model as its influence is already captured by the time-invariant country specific effects.
Furthermore, the time trend is only shown to significantly reduce energy demand in the BC95 model, but is not found to be significant in the BC95M and TFE models.
According to Filippini and Hunt (2012) a possible explanation for these established differences may be found in the fact that different models capture the impact of technological innovation and behavioural change on the energy consumption in different ways, that is either through price effects, time trend or inefficiency terms.
Energy efficiency estimates
The results of the econometric analysis reported in Table 3 can be used to estimate the level of energy efficiency. Significant estimates of parameter lambda obtained, which indicates the relative contribution of the variance in inefficiency term compared to 24 the variance in random noise, denotes that considerable inefficiency is in fact present in the model. Descriptive statistics of the level of energy efficiency are reported in Table 4 . Overall, a fair degree of variation among the EU member states is established in energy efficiency estimates, indicating that there is still considerable room for improvement. The estimated average energy efficiency resulting from the BC95 model is 83.4 %. By controlling for heterogeneity associated with explanatory variables in the BC95M model or alternatively, by controlling for time-invariant country-specific unobserved heterogeneity in the TFE model, the estimated average energy efficiency is increased and amounts to 89.6% and 94.0% respectively.
As already noted, the BC95 model does not control for heterogeneity and may therefore estimate inefficiencies in an imprecise way. On the other hand,
inefficiencies of the TFE model may be underestimated as they do not include the persistent inefficiencies that might remain constant over time and are captured by the individual effects. TFE model commonly results in very high average efficiency scores and small differences in efficiency scores between different countries, so there may be virtually nothing left to be explained by different policy measures in place.
The BC95M model which uses Mundlak"s correction in order to control for unobserved heterogeneity is, therefore, viewed to be the most appropriate model for analysing the level of energy efficiency of the EU residential sector. Notes: a -country specific dummies (ranging from -0.31 to 3.37) are not reported in the table.
***, **, * -significant at 1%, 5% and 10% level, respectively. Energy efficiency scores are expected to be negatively correlated with energy intensity, since a level of energy intensity is supposed to decrease with an increase in energy efficiency. Nevertheless, the efficiency estimates from BC95M are found to be very poorly correlated with energy intensity (EI), which is approximated by the average residential energy demand and with the average consumption per dwelling.
26
16
This arguably supports the view that energy intensity can only be viewed as a rough proxy for energy efficiency. While for some countries energy intensity indicator may be viewed as a good proxy of energy efficiency, this does not hold in general.
Using the average values of the estimated energy efficiency scores for each EU member state obtained with the BC95M, three groups of countries are identified, namely relatively efficient states (state specific average value of the level of efficiency higher than the third quartile), relatively inefficient states (state specific average value of the level of efficiency lower than the median efficiency level) and relatively speaking moderately efficient states (state specific average value of the level of efficiency between the median and the third quartile). From the results reported in Table 5 it is interesting to observe that there is no clear division between 27 old and new EU member states, since in both groups good and bad practice countries can be identified. 
Impact of energy efficiency measures on estimated energy efficiency levels
The results on the impact of the energy policy instruments adopted in the EU member states show that several instruments influence the level of energy efficiency of the residential sector. In particular financial incentives seem to have an important influence on reducing energy inefficiency of the residential sector in the EU member states. Both financial dummies introduced in the model to capture the effect of adopted financial measures, namely FIN1 and FIN2, prove to be negative and highly significant in all models.
There is also some evidence that performance standards of buildings, heating systems and appliances contribute to improved efficiency, while informative The relationship between inefficiency and one or two introduced performance standards of buildings and heating systems (BH1) is found to be significant and negative in both BC95 and BC95M model. Furthermore, three or more introduced performance standards of buildings and heating systems (BH2) prove to be significant in the BC95 model, while performance standards of electrical appliances (APP) prove to be significant in the BC95M model. To perform a robustness check, the three models were re-estimated with the number of energy efficiency measures replacing the respective dummies. Similar results are obtained, although somewhat lower significance levels are found. In addition, to test whether several types of measures have a larger impact compared to only one type of measures in place, interactions between energy efficiency dummies were also considered. However, none of the interaction terms proved to be significant.
The relatively low impact of standards on the level of energy efficiency of buildings and heating systems may be due to the fact that these standards have generally an impact on energy efficiency in the longer term as they mostly refer to new buildings.
This result could be due to the fact that the construction rate of new buildings and the renovation rate of old buildings are relatively small and the standards apply generally to new buildings. In summary, in can be concluded that the established results
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provide some evidence on the effectiveness of the EU policy measures related to promotion of energy-efficiency in the observed period.
Conclusions
Following the approach proposed by Hunt (2011, 2012) this paper employs a frontier demand energy model to estimate the "underlying energy efficiency" of residential sector for each EU member state over the period 1996 to
2009. Compared to the widely used energy intensity indicator this is argued to be a more appropriate measure of energy efficiency since it is able to control for differences in socio-economic and environmental factors among the member states.
In addition, the study also considers two alternative approaches to control for unobserved heterogeneity and separate it from inefficiency estimates. The results suggest that the rankings of member states based on energy intensity and energy efficiency levels may substantially differ. Therefore, energy intensity indicator cannot be considered as a good proxy for energy efficiency and should be combined with other indicators in order to derive relevant policy conclusions. 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 30 period under investigation no notable technical change is found in the EU residential sector. As noted by Kumbhakar and Lovell (2000, p. 107) , this may also reflect the fact that sometimes it is difficult to disentangle the effect of movement to the frontier and frontier shift.
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Footnotes
1 See Kumbhakar and Lovell (2000) for a discussion on the microeconomic theory of production and on the definition of productive efficiency.
2 Another approach to overcome the problem related to the use of simple energy intensity indicators can be found in Index Decomposition Analysis (IDA), which is in principle a bottom-up framework.
For details on this method, see Ang (2006) . Alternatively, a non-parametric frontier method DEA is used in Zhou and Ang (2008) to measure energy efficiency performance of selected OECD countries.
3 Official EU documents typically view energy efficiency improvements as decreased energy intensity or reduced energy consumption. Since this paper advocates the use of alternative measure of energy efficiency and in order to use consistent terminology throughout the paper, in this section the use of the term "energy efficiency improvements" is explicitly avoided and instead expressions such as energy savings, reduced energy consumption or decreased energy intensity are utilised. 4 See Filippini and Pachauri (2004) and Banfi et al. (2005) for an application of household production theory to energy demand analysis. 5 Note, that by estimating a production or distance frontier function it is possible using the empirical approach suggested by Reinhard et al.(1999) to estimate an input specific technical efficiency indicator. For instance, Reinhard et al. (1999) estimate the level of water efficiency for a sample of 3 4 5 6 7 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 36 Coelli (1995) 15 The correlation coefficients between the results obtained with all three models were calculated.
These results show a relatively high correlation between the results obtained with BC95 and BC95M and a moderate correlation between the TFE model on one side and the BC95 and BC95M models on the other. 16 To note that the European Environment Agency is using the average consumption per dwelling as one of the simple indicators representing the level of energy efficiency of the residential sector. See http://www.eea.europa.eu/data-and-maps/indicators/energy-efficiency-and-energy-consumption-2/assessment-2.
